Introduction
Square section bends are used in industrial applications extensively. It is expected that pressure losses for both laminar and turbulent flows in square section bends can be estimated as well as can those in curved pipes.
Manyexperimental and theoretical studies of pressure losses in curved pipes have been performed since the first analytical consideration by Dean2)3). Pressure The purpose of this paper is to study experimentally pressure losses for both laminar and turbulent flows in 90-deg square section bends and to obtain the empirical formula for the friction factor.
Estimation of Friction Factor
In the following discussions steady incompressible fluid flow is treated. 
where w is the velocity in the direction of duct axis.
Under the boundary conditions of w=0 at x=±a and y=±a this equation can be solved as follows.
The cross-sectional meanflow rate wmcan be calculated from Eq. (2) On the basis of Adler's1} theoretical formula and Prandtl's7) empirical formula for a helical pipe, this relationship is assumed to be expressed as fJf^diRe. VWSr (7) and, by using Eq. (5), the friction factor for a bend can be written as fe = C2Rer\a/Rr/2 (8) where Cl9 C2 (=14.2d) and m are experimental constants.
2 Turbulent flow
The viscosity of a fluid for turbulent flow is divided into laminar and turbulent parts as y=v+/*t (9) where /u and pt are the laminar and turbulent viscosities of the fluid, respectively. The turbulent viscosity6), i*>u is newly defined by the following relation between the friction factor for turbulent flow in a straight square duct, fiU and Reynolds number for turbulent flow, Rev {=2pwmajrj) :
174 In general, the friction factor for turbulent flow in a straight square duct may be written experimentally as fst= C3Re%
( 1 1) and from Eqs. (10) and (1 1
) the relationships between
Rev and Re^can be written as Rev = C4Re^(12) where C3, C4 and n are experimental constants. The friction factor for turbulent flow in a bend is assumed to be of the same form as Eq. (8). fet = C2RerKalRr'* (1 3)
From Eqs. (5), (12) and (13) the ratio of the friction factor for turbulent flow in a bend to that for laminar flow in a straight duct can be written as follows.
where C5 is an experimental constant and constants k and / are related to n and m.
k=m/2I, l=-nm+n+l (15) 2. Experiments The experimental apparatus is illustrated schematically in Fig. 1 . The water stored in a reservoir was fed to a head tank by a pump and flowed into the horizontal test square section duct through the vertical square duct.
The mass flow rate was measured by weighing and the temperature of liquid was measured in the reservoir by a thermometer. All square test ducts were madeof brass castings and the length of each side was 14.0mm. The diameter of each hole at the duct wall for measuring the pressure by manometers was 1.0mm. A length of about 71 times the duct diameter from the bottom of the head tank was taken as the calming section before the first pressure tap. Pressure taps in a bend Tables 1 and 2. 3. Results and Discussion 3. 1 Laminar flow Typical data of the axial distribution of pressure are shown in Fig.3 . There is a marked increase in pressure along the outer wall of a bend, accompanied by a corresponding decrease in pressure along the inner wall. Considering that the distorted flow condition persists for some distance downstream, the friction factor value is determined according to the following formula :
where Apc and Le are shown in Fig. 3 . The dependence of curvature on the friction factor for a bend is shown in Fig.4 and the correlation between the friction factor ratio for laminar flow and Dean number is shown in as parameter is shown in Fig.6 . The pressure at the outer wall is larger than that at the inner wall in the 45-deg cross-section for any value of curvature, and the difference between the pressure at the outer wall and that at the inner wall increases with the degree of curvature. This relationship is applied to the experimental data for Reynolds numbers 5000, 10,000 and 20,000, and it is confirmed that the relationship shown in Eq. (18) is in good agreement with experimental data as shown in Fig. 7 .
Using the results in Fig. 7 , the difference between the pressure at the outer wall and that at the inner wall for turbulent flow can be estimated whencurvature is given.
2) Friction factor From Figs. 4 and 5 it is obtained that n in Eq,(ll) and m in Eq. (7) take the values -0.20 and 0.35, respectively.
Using Eqs. (14) and (15), the friction factor ratio for turbulent flow is shown in Fig, 8 , and the following empirical formula can be obtained for the dimensionless curvature such as a/R^0.0729.
In Fig. 8 Fig. 6 . Therefore, it is expected that separation phenomena can be seen in these regions. By injecting dye in the neighbourhood of both the inlet on the outer wall and of the outlet on the inner wall, the behavior of the dye was recorded photographically and it was confirmed that separation occurred in those regions discussed above, as shown in Fig. 9 . Therefore, it can be considered that for the dimensionless curvatures 0.146 and 0.292 separation phenomena affect the turbulent flow fields significantly.
From the results in Fig. 8 , the friction factor for ordinary turbulent flow in a bend in the case of no separation in any region can be estimated. Conclusion
A good correlation between the friction factor ratio and the dimensionless number composedof Re^and a/R can be obtained not only for laminar flow but also for turbulent flow by making use of newly defined turbulent viscosity. For turbulent flow the difference between the pressure at the outer wall and that at the inner wall in the 45-deg cross-section ofa bend can be correlated with the dimensionless curvature. By measuring the axial distribution of pressure and using flow visualization for turbulent flow it is confirmed that separation phenomena occur in bends Literature Cited
